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Induction of Somatic Hypermutation
Is Associated with Modifications
in Immunoglobulin Variable Region Chromatin
for mutation is approximately 150 base pairs down-
stream from the transcription initiation site that then
extends 1.5 to 2 kilobases (Lebecque and Gearhart,
1990; Rada et al., 1997). This targeting does not appear
to require sequence-specific motifs in the promoter
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This highly regulated process is largely restricted toCanada
the centroblast stage of B cell differentiation in the ger-
minal centers of secondary lymphoid organs (Przylepa
et al., 1998). The expression of activation-induced cyti-Summary
dine deaminase (AID) is restricted to these centroblast
B cells and is essential for SHM (Muramatsu et al., 2000;Somatic hypermutation (SHM) requires selective tar-
Revy et al., 2000), and AID appears to be the only Bgeting of the mutational machinery to the variable re-
cell-specific protein that is required for this processgion of the immunoglobulin heavy chain gene. The
(Martin et al., 2002; Martin and Scharff, 2002; Yoshikawainduction of SHM in the BL2 cell line upon costim-
et al., 2002). In vitro studies demonstrate that AID initi-ulation is associated with hyperacetylation of the chro-
ates the mutational process by catalyzing the deamina-matin at the variable region but not at the constant
tion of cytidines on single-stranded DNA in the contextregion. The V region-restricted histone hyperacetyla-
of a transcription bubble along double-stranded DNAtion resulting from costimulation occurs independent
(Bransteitter et al., 2003; Chaudhuri et al., 2003; Ramiroof AID expression and mutation. Interestingly, costim-
et al., 2003).ulation in the presence of Trichostatin A causes
Although the regulation of AID expression may explainhyperacetylation of histones associated with the con-
how SHM is limited to B cells at the centroblast stagestant region and extends mutations to the constant
of differentiation, it is still completely unclear how AIDregion. Under this condition, promoter proximal muta-
and the other ubiquitously expressed trans-acting muta-tions are observed in the variable region as well. The
tional factors are targeted to the V region and its immedi-overexpression of AID results in a similar deregulation
ate flanking sequences while the downstream constantof mutational targeting. Our results indicate that the
(C) region in the same transcription unit is protectedstimulation of SHM in BL2 cells activates two indepen-
from mutation. Since transcription is required for SHM,dent pathways resulting in histone modifications that
it is likely that some of the mechanisms that are requiredpermit induced levels of AID to selectively target the
for activating Ig gene transcription may also be involvedvariable region for mutation.
in regulating and targeting mutation (Storb et al., 1999).
Various groups have demonstrated that in addition toIntroduction
a transcriptional requirement, promoter and enhancer
elements are involved in targeting mutations to the V
Mice and humans generate a diverse repertoire of anti-
region (Betz et al., 1994; Peters and Storb, 1996). Modifi-
bodies through the combinatorial rearrangement of vari- cations in nucleosomal chromatin structure have been
able, diversity, and joining (V(D)J) gene segments to shown to provide altered accessibility to DNA to set
create heavy and light chain variable (V) regions. Be- in motion regulated DNA transactions (Berger, 2002).
cause the antibodies that are encoded by these re- Changes in accessibility have been proposed to be re-
arranged germline elements are usually of low affinity, quired for V(D)J recombination and isotype switching
murine and human heavy and light chain V regions are (Sleckman et al., 1996). The acetylation of lysines in the
further diversified by somatic hypermutation (SHM) to amino terminal tails of histones H3 and H4 is associated
generate the higher-affinity antibodies that are required with allele-specific V(D)J recombination of the T cell
for effective immunity to foreign pathogens (Siskind and receptor (McMurry and Krangel, 2000) and the Ig heavy
Eisen, 1965; Weigert et al., 1970). In vivo, SHM intro- and light chains (Chowdhury and Sen, 2001; Maes et
duces mutations at rates as high as 105 to 103 muta- al., 2001). Furthermore, the subsequent transcription of
tions per base pair per generation. SHM is restricted the rearranged Ig heavy chain gene early in B cell differ-
to V regions and their immediate flanking sequences entiation correlates with acetylation of histone H4 and
resulting mainly in single base substitutions and is fo- H3 (Chowdhury and Sen, 2001; Johnson et al., 2003).
cused upon WRCY hot spots (Lebecque and Gearhart, The existence of human EBV-negative Burkitt’s lym-
1990; Rogozin and Kolchanov, 1992). The 5 boundary phoma cell lines that can be induced to undergo SHM
(Denepoux et al., 1997; Zan et al., 1999) makes it possible
to assess whether histone acetylation facilitates tar-*Correspondence: scharff@aecom.yu.edu
Immunity
480
Table 1. Induction of SHM in BL2 Cells
Uninduceda Inducedb Uninduced TSA Induced  TSACondition
Ig Region Vc Cd V C V C V C
Total # of mutations 6 1 45 2 1 1 32 8
% Mutated sequences 6 1.5 53 2.4 6 1.4 70 11
(6/98) (1/68) (52/98) (2/83) (1/15) (1/70) (21/30) (8/70)
Frequency of mutations (104/bp) 1.4 0.71 11 1.2 1.6 0.69 25 6
% Hot spot incidencee 0 0 58 0 0 0 28 25
% GC mutations 50 100 82 50 0 0 66 50
(GC mutations/total mutations) (3/6) (1/1) (37/45) (1/2) (21/32) (4/8)
a Uninduced  Unstimulated.
b Induced  anti-IgM and T cell stimulation.
c V region corresponds to 429 bp.
d C region corresponds to 180 bp.
e Hot spot  RGYW or WRCY.
geting the mutational machinery to the V region. We The observed V region mutations were not due to
increased heavy chain expression since there was ahave examined the histone acetylation state at the Ig
heavy chain V region in uninduced and induced BL2 small 2-fold decrease in the steady-state levels of 
heavy chain mRNA relative to the GAPDH levels fromcells. Here we report that stimulation of the BL2 cells
with anti-IgM and activated T cells alters the acetylation the induced cells compared to the uninduced cells (Fig-
ure 1A). The expression of AID in the BL2 cells was alsoof the histones at the V region and that this change
is independent of AID expression. Trichostatin A (TSA) assessed by semiquantitative RT-PCR. AID mRNA was
undetectable in the uninduced BL2 cells and was readilytreatment results in the extension of histone hyperacety-
lation to the C region and the introduction of mutations detectable 72 hr after induction (Figure 1A).
there. When AID is overexpressed, the same deregula-
tion of mutation is observed. We conclude that modifica- Chromatin Immunoprecipitation in BL2 Cells
tions in histones at the V region play a role in restricting The chromatin immunoprecipitation (ChIP) assay was
AID during SHM. used to compare the degree of association of the V
region, its 5 flanking promoter (P), and 3 flanking C
region with acetylated histones. Seventy-two hours afterResults
stimulating the BL2 cells to activate SHM, the BL2 cells
were isolated, and the  heavy chain gene was exam-SHM in BL2 Cells
To confirm that the monoclonal BL2 cells could be in- ined. The ChIP assay was simultaneously carried out
with untreated BL2 cells and cells treated with eitherduced to undergo an increased rate of Ig heavy chain
SHM, unselected V regions were sequenced 72 hr after anti-IgM or cultured with activated T cells. None of these
three culture conditions results in an increase in V regionthe cells were treated with anti-IgM antibody and cocul-
tured with irradiated Hut78 helper T cells (Table 1). The mutation (Denepoux et al., 1997; Faili et al., 2002b; Pol-
toratsky et al., 2001). The primers used for the V regionfrequency of mutation in the uninduced BL2 cells was
1.4  104 mutations per base pair. None of the muta- amplify only the one productively rearranged heavy
chain V region in the BL2 cells. There are two  C regiontions were found in WRCY hot spots, and it is likely that
the mutations in the unstimulated population preexisted alleles, both of which can be amplified but neither of
which undergoes appreciable SHM upon induction (Ta-or were due to PCR errors, estimated to be 1  104/bp
after amplification. The frequency of V region mutation in ble 1). Therefore, the C regions serve as an internal
nonmutating control, half of which are within the samethe cells costimulated with anti-IgM and activated T cells
was 1.1  103 mutations per base pair which corre- transcription unit as the amplified mutating V region.
The P region, which also serves as a nonmutating Igsponds to an approximately 8-fold increase after stimu-
lation. This increase is a conservative estimate since control, was sequenced to confirm that only the pro-
moter associated with the rearranged V region was be-many of the mutations, predominantly in hot spots, ap-
peared more than once but were only counted as a ing amplified (data not shown).
Prior to semiquantitative PCR, serial dilutions of thesingle mutation.
In the induced cells, 58% of the unique mutations DNA were made to ensure that the amplifications were
within linear range (Figures 1B and 1C). Duplex PCRsarose in the C nucleotide of WRCY hot spots (Table 1).
As with other Burkitt’s lymphoma cell lines (Sale and for V and C and for P and C were performed for each
dilution for all of the four culture conditions. The C regionNeuberger, 1998; Zan et al., 1999), GC mutations (82%)
predominated, and transitions (78%) were more com- amplified with similar efficiency for all of the culture
conditions and therefore allowed us to compare themon than transversions. In contrast, none of the C region
mutations arose in WRCY hot spots, and the frequencies amplification efficiency of the V region for all of the
culture conditions (Figures 1B and 1C, top panels). Fur-of mutation from both the uninduced and induced cells
were close to the expected frequency of PCR error (Ta- thermore, because the C region was always amplified
in the duplex PCR, we were able to compare the ratiosble 1).
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Figure 1. Increased Histone Acetylation Occurs at the BL2 Ig V Region 72 Hr after Stimulation for SHM
(A) Expression of AID,  heavy chain, and GAPDH mRNAs as determined by semiquantitative RT-PCR. Four-fold dilutions were used.
(B) ChIP for acetylated histone H4 for the four BL2 culture conditions. The various culture conditions are indicated at the top of the panel.
Four-fold dilutions of the input and the immunoprecipitated DNA were amplified for 27 cycles. Duplex PCR was performed for V and C. The
C region serves as an intragenic control. The ratios of the input, rabbit Ig, and the immunoprecipitated DNA (V/C) were all assessed for each
dilution. The fold enrichment is the ratio of the immunoprecipitated DNA (minus the background) compared to the ratio of the input DNA and
is calculated as described in the Experimental Procedures and in (D). * indicates that the fold enrichment is statistically different from the
nonstimulated BL2 results (p  0.05).
(C) ChIP using the anti-AcH3 antibody.
(D) Densitometry profiles for PCR products of the AcH4 ChIP when the cells are costimulated with anti-IgM and HuT78 cells. The PCR from
the 1:4 DNA dilution was used for this particular PCR profile and represents typical densitometry profiles. The formula for calculating the fold
enrichments for the ChIP assay is shown beside the densitometry profile. The results of four independent inductions are shown in the bar
graph with the standard deviations. (t) and (p) represent the results from the anti-AcH4 (tetra) and (penta) antibodies in (B).
(E) Quantitative real-time PCR-based ChIPs were used to examine the association of the V and C regions with acetylated H3 and H4 from
the unstimulated BL2 cells and BL2 cells induced to undergo SHM (BL2 (I)). The data represent two independent inductions and two independent
real-time PCR runs with each sample amplified in triplicate. The mean and standard deviation of each triplicate were used to determine the
fold enrichment and error bars.
(F) ChIP for AcH3 and AcH4 associated with the promoter (P) and C regions. The fold enrichments depicted in the bar graphs are calculated
with a P/C ratio.
(G) ChIP for AcH3 and AcH4 associated with mdm2 and C region.
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of the PCR products of the V and C regions (Vregion/Cregion) calculating fold enrichment gives greater accuracy and
is most informative because the C region serves as bothand P and C regions (Pregion/Cregion). The fold enrichment
of the V region was determined to be the ratio of the the immunoprecipitation control and as the PCR control.
However, it is also possible to determine the fold enrich-immunoprecipitated (i.e., enriched) PCR products di-
vided by the ratio of the input PCR products (i.e., starting ment of the V region by comparing only the V region
PCR products from the input and immunoprecipitatedpool) (Figure 1D and Experimental Procedures). Similar
calculations have been used to determine the fold en- DNA and then comparing the fold enrichments for the
different culture conditions. When calculated this way,richment of histone acetylation associated with a GFP
transgene (Lorincz et al., 2000). 2.4% of the input V region was immunoprecipitated and
amplified when the cells were stimulated with anti-IgM
and T cells while only 0.41%, 0.47%, and 0.71% of theIncreased Acetylation of Histones H4 and H3
input was immunoprecipitated in BL2 cells that were notAssociated with the Mutating V Region
treated, treated with anti-IgM, and treated with T cells,Figure 1B displays the histone H4 acetylation ChIP re-
respectively. Thus, this alternative calculation results insults determined by semiquantitative PCR for all of the
an6.5-fold increase in the acetylation of H4 associatedfour culture conditions after 72 hr. The P, V, and C re-
with the V region compared to the three nonmutatinggions were not immunoprecipitated with the control rab-
culture conditions. In addition, the P and C region enrich-bit IgG anti-serum (Figures 1B, 1C, and 1F). Results from
ments do not change for any of the culture conditions.immunoprecipitation with an anti-acetylated H4 (AcH4)
We also examined the acetylation of H3 in all four(tetra, t) antibody reflect the overall degree of histone
culture conditions after 72 hr (Figure 1C). As with theacetylation associated with a region of DNA since not
anti-AcH4 antibody, there was no difference in the en-all four lysines must be acetylated for this antibody to
richment of the V region for the three nonmutating condi-bind. An anti-AcH4 (penta, p) antibody was also used
tions. When the BL2 cells were costimulated to mutatein the ChIP studies and crossreacts with human histone
with anti-IgM and T cells, there was a small but statisti-H4 only when all four of its N-terminal lysines are acet-
cally significant 3-fold enrichment of the V region whenylated (see Experimental Procedures). Four independent
compared to the unchanged C region (Figure 1C, barinductions and ChIP analyses using semiquantitative
graph).duplex PCR were conducted, and only one of which is
We confirmed the changes in V region acetylationpresented in the gels of Figure 1. With the untreated
observed by semiquantitative duplex PCR with quantita-cells or the cells treated with either anti-IgM or T cells
tive real-time PCR-based ChIP. Two independent induc-alone, almost no differences were found between the
tions and ChIP analyses were performed with primersratios of the input and immunoprecipitated PCR prod-
optimized for the real-time PCR assay, and the folducts yielding fold enrichments approximately equal to
enrichment was determined by calculations described1 (Figure 1B, bar graph). To compare the chromatin
in the Experimental Procedures. Figure 1E summarizesstructure at the V region for all of the culture conditions,
the real-time PCR results and shows that increased H4the fold enrichment values were normalized to the re-
and H3 acetylation occurs at the V region when the BL2sults of the untreated BL2 cells (which were set at 1),
cells are induced (i) to undergo SHM, which is consistentand the results from the four experiments are depicted
with the semiquantitative PCR results (Figures 1B andby bar graphs with error bars (Figure 1B). These results
1C). The anti-AcH4 (t) and (p) antibodies enriched the Vdemonstrate that acetylated histone H4 is associated
region 10- and 5-fold, respectively, relative to thewith both the V and C regions at a low level in the
amount of V region enriched by both antibodies fromuntreated BL2 cells and that there were no changes in
the unstimulated cells. The increase in H3 acetylationacetylation when the cells were treated for 72 hr with
is more pronounced when assessed by real-time PCReither anti-IgM or T cells alone.
with a 6-fold relative enrichment at the V region com-In contrast to the findings with the three nonmutating
pared to the 3-fold enrichment found by semiquantita-conditions, when the BL2 cells are costimulated with
tive PCR.anti-IgM and T cells, we observed the hyperacetylation
Additionally, to show that changes in the histone acet-of histone H4 associated with the V region and did not
ylation upon costimulation by anti-IgM and T cells weresee such changes in either the C or P region (Figures
not a general phenomena, we examined the acetylation1B and 1F). Interestingly, we consistently observed a
associated with the mdm-2 gene, another highly tran-loss of V regions during the amplification of the input
scribed gene in BL2 cells (Gao et al., 1999). No differ-DNA in BL2 stimulated to undergo mutations (see be-
ences were observed in H3 and H4 acetylation whenlow). Despite the inability to amplify all of the V regions
duplex PCRs were done for mdm-2 and the Ig C regionwhen the BL2 cells are stimulated to mutate, both the
for any of the four culture conditions (Figure 1G).anti-AcH4 (t) and (p) antibodies immunoprecipitated
greater amounts of intact V regions than in the nonmu-
tating conditions yielding 10- and 4-fold enrichments,  H2AX Is Associated with the V Region When BL2
Cells Are Costimulatedrespectively (Figure 1B). This result is unique for the V
region, since no changes were observed in the acetyla- Unlike the relatively similar input ratios with the nonmu-
tating conditions (i.e., untreated, anti-IgM-treated, andtion state associated with the P and C regions (Figure 1F).
All of the enrichments were calculated by comparing T cell-treated BL2 cells), when the BL2 cells were
costimulated with both anti-IgM and T cells, there wasthe ratios of the input and immunoprecipitated PCR
products from the same samples in the duplex PCR a loss of V region DNA which resulted in a decrease in
the input ratio of Vregion/Cregion (see input panels in Figuresreactions (Figure 1D). We believe that this formula for
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was virtually no enrichment for -H2AX at the V region
in the three nonmutating culture conditions (Figure 2A).
Since the C region was not immunoprecipitated, the V
region enrichment was calculated as a percentage of
input by comparing the relative amounts of the V region
PCR products from the immunoprecipitated and input
DNA normalized for the fact that only 5% of the chroma-
tin was used for the amplification of the input DNA. On
average,12% of the input was enriched only when the
cells were stimulated to mutate and less than 0.1% was
enriched from the nonmutating conditions. Thus, the
recruitment of-H2AX to the V region in the costimulated
cells confirms that there were lesions in the V region
that could interfere with PCR amplification.
AID Overexpression Activates SHM in Unstimulated
BL2 Cells
The findings described above suggest that the acetyla-
tion of histones in the chromatin associated with the V
region enables the selective targeting of mutation to
that region. To investigate this further, we constitutivelyFigure 2.  H2AX Is Associated with the V Region in Mutating
BL2 Cells overexpressed AID in BL2 cells to determine if even
(A) ChIP using the anti--H2AX antibody in BL2 costimulated with higher levels of AID expression would alter the targeting
anti-IgM and HuT78 cells for 72 hr. The results represent four inde- of mutation and/or the restriction of histone acetylation.
pendent inductions and ChIPs. Duplex PCRs amplified the V and BL2-derived clones S2 and S9 stably overexpress AID
C regions.
mRNA at steady-state levels (Figure 3A) that are approxi-(B) ChIP of S2, S9, and AS-1 for -H2AX at the V and C regions.
mately 30-fold higher than in the induced BL2 cells (Fig-
ure 3B). An antisense construct of AID and the empty
pCEP4 vector itself were each separately transfected1B and 1C). This was a reproducible finding in all of our
into the same BL2 bulk culture. Figure 3A shows thatexperiments. The same number of live BL2 cells was
there is no increase in the steady-state expression levelscrosslinked for all four conditions (see Experimental Pro-
of IgM in any of the clones and there is no AID mRNAcedures), and this is confirmed by the fact that the de-
detectable by RT-PCR in the vector-transfected clone,gree of C region amplification for the costimulated mu-
V15, or the AID antisense clone, AS-1. Table 2 summa-tating cells is the same as the C region amplification of
rizes the mutation data from the various clones. As ex-the nonmutating conditions (Figures 1B and 1C). This
pected, clones S2 and S9 overexpressing AID had manyapparent selective loss of approximately half the V re-
V region mutations after 30 days in culture. Only uniquegion DNA from the input DNA of the mutating V regions
mutations were tabulated, and it is likely that they arosecould be the result of DNA lesions such as single- or
after transfection as a result of constitutive AID overex-double-stranded breaks (Bross et al., 2000; Faili et al.,
pression since there were no mutations from the V152002a; Kong and Maizels, 2001; Papavasiliou and
and AS-1 clones.Schatz, 2000) that would interfere with amplification by
PCR. Importantly, the P and C regions amplified from
the input DNA yielded a Pregion/Cregion ratio that remained Altered Targeting and Spectrum of Mutation
in the Presence of AIDunchanged regardless of the culture conditions (Figure
1F), suggesting that the promoter region upstream from The 35% hot spot incidence resulting from the overex-
pression of AID (Table 2) was lower than the 58% hotthe mutating V region does not contain DNA lesions and
that the decrease in Vregion/Cregion ratio results specifically spot incidence from the induced AID levels (Table 1),
suggesting that the targeting of the mutational machin-from decreases in the Vregion.
To determine whether DNA breaks that might interfere ery had been disturbed. Consistent with this, there were
more mutations at the promoter proximal end of the Vwith PCR amplification were present in the V region, we
performed ChIPs with an antibody to -H2AX. The DNA region (Figure 4). In addition, because many sequences
were mutated at nucleotides 162 and 234, this sug-breaks associated with -H2AX may be a double-strand
break or two closely spaced single-stranded breaks. In gested that these mutations occurred early in the culture
when AID is overexpressed. However, they did not ap-the presence of double-strand breaks, H2AX, a member
of the histone H2A family, becomes phosphorylated at pear to be targeted early on during SHM in the induced
BL2 cells. This apparent change in the targeting of muta-serine 139 (Rogakou et al., 1998), and the resulting
-H2AX is recruited to the DNA near the sites of damage tions in the V region was extended when we found a
significant number of mutations in the C region in the(Siino et al., 2002). Immunoprecipitation with antisera
specific for the phosphorylated form of H2AX revealed AID-overexpressing S2 and S9 clones but not in control
subclones (Table 2) (Fisher’s t test, p  0.01). Althoughthat -H2AX was associated with the V region but not
the C region in BL2 cells treated with anti-IgM and T cells the studies with the induced cells and the AID-overex-
pressing cells were independent experiments done onas early as 18 hr after induction (data not shown) and
more strikingly at 72 hr after induction (Figure 2A). There different populations of BL2 cells, the number of C re-
Immunity
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Chromatin Structure of V Regions in Cells
Overexpressing AID
To determine whether the increase in mutation in the
AID-overexpressing cells was associated with changes
in histone acetylation, the acetylation state of the his-
tones associated with the V regions of the S2 and S9
clones was examined in the absence of induction (Figure
3C). We observed a 2-fold enrichment of V regions asso-
ciated with acetylated H3 and H4 that was not signifi-
cantly different from that seen in the vector control clone
and antisense AID clone (Figure 3C).
In addition to the loss of restriction of mutation to the
V region, -H2AX was associated with both the V and
C regions in the AID-overexpressing clones (Figure 2B).
Although both the V and C regions from both AID-over-
expressing clones were immunoprecipitated with anti-
-H2AX antibodies, it is not clear why the ratios are
different for the different clones. Nevertheless, the asso-
ciation of -H2AX with the C region of the AID-overex-
pressing clones provides independent evidence that in
the presence of excess AID, double-strand breaks are
occurring in the C region when mutations are ob-
served there.
Stimulation with Anti-IgM and T Cells Causes V
Region Chromatin Modifications Independent
of the Mutational Mechanism
To determine whether the stimulation with anti-IgM and
T cells triggered the increased histone acetylation at the
V regions, we stimulated the BL2 cells in the absence
of AID. When the AS-1 clone that expresses antisense
to AID was stimulated for 72 hr with anti-IgM and T cells
(AS-1*), AID mRNA was absent and the V region se-
quences did not display mutations presumably due to
the lack of AID expression (data not shown). We found,
however, that stimulation with anti-IgM and T cells in-
creased the acetylation of the histones associated with
the V regions (Figure 3D). The increase in H4 acetylation
Figure 3. Altering the Levels of AID in BL2 Cells as assayed with the penta antisera was similar to that
(A) The expression levels of AID, , and GAPDH mRNAs in BL2 cells observed in the costimulated AID-expressing cells (Fig-
transfected with an AID expression vector (S2 and S9), with the ure 1B). Similar results were obtained independently
vector alone (V15), and with AID in an antisense orientation (AS1). with another BL2 antisense AID clone.
The vector control clone (V-15) and the antisense AID clone (AS-1)
do not have detectable levels of AID, and the two sense AID clones,
Trichostatin A Increases Histone AcetylationS-2 and S-9, overexpress AID. All clones were electroporated from
the same bulk culture. Water controls displayed no PCR products and Results in a Loss of Targeting
(data not shown). Four-fold dilutions of cDNA were used in all RT- We examined whether the hyperacetylation of histone
PCR reactions. H4, per se, allowed the targeting of mutation by pretreat-
(B) Comparison of AID mRNA levels in BL2 induced with anti-IgM
ing uninduced and induced BL2 cells with Trichostatinand T cells for 72 hr and constitutively expressing S9 cells.
A (TSA), a histone deacetylase inhibitor. At a 10 nM(C) ChIP for acetylated H3 and H4 with the various AID-transfected
concentration, TSA did not affect cell replication nor didand control BL2 clones.
(D) ChIP AcH3 and AcH4 (p) of the AID antisense clone AS-1 unstimu- it induce apoptosis over a 72 hr period (data not shown).
lated and stimulated with anti-IgM and T cells (AS-1*). The error At 72 hr, uninduced TSA-treated cells showed an in-
bars show the standard deviation, and * denotes p  0.05. crease in the acetylation of H4 associated with both the
V and the C regions (Figure 5C). To determine whether
there were small changes in steady-state  mRNA lev-gion mutations in the induced BL2 cells (Table 1) was
significantly lower than in the AID-overexpressing cells els, quantitative real-time RT-PCR was used (Figure 5B).
ThemRNA levels were normalized to	-2 microglobulin(Fisher’s test, p  0.01). Thus, the stimulated BL2 cells
had a relative frequency of 9.5:1 for mutated V:C se- which has been shown to be relatively stable in lympho-
cytes and serves as a reliable standard (Vandesompelequences while the AID-overexpressed cells had an4:1
frequency of mutated V:C sequences. These findings et al., 2002).  mRNA levels did not increase when TSA
was used to treat both unstimulated and stimulated BL2suggested that the constitutive overexpression of AID
resulted in the loss of restriction of mutations to the cells. Thus, the increased acetylation observed at the V
region due to TSA treatment is independent of steady-V region.
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Table 2. SHM without Induction When AID Is Overexpressed
V-15 AS-1 S-2 S-9BL2 Clone
Ig Region V C V C V C V C
Total # of mutations 0 0 0 1 20 12 30 15
% Mutated sequences 0 0 0 1.3 100 11 100 14
(1/76) (20/20) (12/109) (30/30) (15/106)
Frequency of mutations (104/bp) 2 0.64 2 0.64 26 6 30 8
% Hot spot incidence 0 0 0 0 35 33 33 27
% GC mutations 0 0 0 0 100 50 70 47
(GC mutations/total mutations) (20/20) (6/12) (21/30) (7/15)
state levels of  mRNA at 72 hr. In addition, TSA treat- hyperacetylated, mutations occurred in the C regions
as well as the V regions (Table 1). The greater frequencyment did not stimulate AID mRNA expression (Figure
5A), and mutations were not observed in the V or C of mutations in the presence of induced levels of AID
expression caused by TSA treatment and costimulation,regions (Table 1).
When the BL2 cells were pretreated with TSA and and the alteration of the distribution of mutations closer
to the transcription start site and further downstreamstimulated with anti-IgM and T cells for 72 hr, there was
an increase in AID expression although not above the to the C region again suggest that chromatin structure
contributes to the dynamics of the targeting and regula-levels induced by costimulation alone (Figure 5A). Im-
portantly, there was a 2.5-fold increase in the frequency tion of SHM.
of mutation when the cells were treated with TSA and
costimulation in comparison to the frequency of muta- Discussion
tion from the costimulated cells in the absence of TSA
(Table 1). Fewer mutations occurred in hot spots (28% Transcription has been proposed to be required for SHM
(Lebecque and Gearhart, 1990; Maizels, 1995; Peterscompared to 58%), and these mutations arose closer
to the transcription initiation site, similar to those ob- and Storb, 1996), and the rate of SHM appears to be
proportional to the rate of transcription (Bachl et al.,served in AID-overexpressing BL2 cells (Figure 4). Ninety
percent of the mutations were transitions, and 66% of 2001; Fukita et al., 1998; Kim et al., 1999). However, not
all highly transcribed genes in centroblasts are targetedthe mutations were in GC base pairs. Using the ChIP,
we observed that these TSA treated and costimulated for SHM (Storb et al., 2001), and the C region that is
located within the same transcriptional unit as the highlycells also had hyperacetylated H4 at both the V and C
regions (Figure 5C). Interestingly, under these condi- mutating V region does not undergo SHM. The stimuli
required to induce SHM in BL2 cells are similar to thosetions where induced levels of AID were present and
the H4 associated with both the V and C regions was that are required to activate SHM in vivo. In addition,
Figure 4. Mutation Profiles of the BL2 V Region Mutations from Induced BL2 Cells, AID-Overexpressing BL2 Cells, and TSA-Treated In-
duced Cells
The x axis represents the sequence of the BL2 V region starting from the transcription initiation site through framework 4 (left to right). The
y axis indicates the number of mutations along the V region. The numbers along the line indicate the base position of the mutation relative
to the transcription initiation site. Mutations from the induced BL2 cells are indicated above the first line. Mutations from clone S9 overexpressing
AID are indicated above the second line. Mutations from the TSA-treated BL2 cells that have been stimulated with anti-IgM and HuT78 cells
are indicated above the third line.
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a transcriptionally permissive chromatin domain (Chow-
dhury and Sen, 2001; Maes et al., 2001) and in the onset
of Ig heavy chain expression. The correlation between
histone acetylation and transcriptional activation of a
locus is also seen at the mammalian 	-globin locus
(Bulger et al., 2002). The increased acetylation of H4
in the mutating BL2 cells relative to the nonmutating
conditions is comparable to changes seen in the histone
acetylation during the onset of V(D)J recombination
(Chowdhury and Sen, 2001; Johnson et al., 2003; Maes
et al., 2001). Our observations give a minimal estimate
of the changes in histone acetylation at the V region
because of the selective loss of amplifiable V regions
in the costimulated cells. Since costimulation did not
increase the already high rate of Ig heavy chain tran-
scription, the hyperacetylation that is focused upon the
V region, while not observed at the promoter or the
C regions, could be part of a process that increases
accessibility of the V region to mutating factors and/or
recruits such trans-acting factors using the histone code
(Berger, 2002; Jenuwein and Allis, 2001).
We have attributed the decreased amplification of the
mutating V regions, compared to the nonmutating V
regions, to the presence of DNA lesions such as double-
stranded DNA breaks that blocked efficient PCR amplifi-
Figure 5. TSA Treatment of BL2 Cells cation. We obtained independent support for this by
(A) Semiquantitative RT-PCR for AID and GAPDH mRNAs with 4-fold demonstrating that -H2AX was associated with the V
dilutions of cDNAs from BL2, BL2 treated with TSA, induced BL2,
region, but not the C region, which are separated byand induced BL2 cells treated with TSA.
approximately 7 kilobases, while -H2AX did not associ-(B) Quantitative real-time RT-PCR was used to examine the steady-
ate with the V region under nonmutating conditions.state levels of  mRNA relative to 	-2 microglobulin mRNA levels.
The data represent two independent cell culture experiments and Furthermore, the presence of -H2AX substantiates the
two independent real-time RT-PCR runs with each sample amplified findings that either closely spaced single-stranded or
in triplicate. double-stranded breaks (Bross et al., 2000; Faili et al.,
(C) ChIP with anti-AcH4 for the V and C regions in the presence or
2002a; Kong and Maizels, 2001; Papavasiliou andabsence of TSA after 72 hr.
Schatz, 2000) arise at mutating V regions. In BL2 clones
expressing antisense AID, costimulation does not in-
duce AID expression or mutations in the V region. Fur-since the characteristics of the mutations resemble
thermore, -H2AX is not associated with the V regionsthose that are seen in vivo, it seems likely that the mech-
of these cells. This suggests that the lesions createdanisms involved in the regulation and targeting of muta-
during the mutational process can recruit -H2AX, al-tion in BL2 will also be similar to the normal process.
though it is not required for mutation (Ramiro et al.,While the change in the expression of AID might ex-
2003) and could reflect some late step in repair or evenplain the onset of mutation, additional factors must spe-
the inability to repair some mutations. The relativecifically target the mutational machinery to the V region
amount of the BL2 V regions associated with -H2AXand prevent mutation from continuing downstream into
suggests that there are more initial lesions than thethe C region. Studies of V(D)J rearrangement and isotype
number of fixed mutations ultimately seen by sequenc-switching have shown that an increase in the accessibil-
ing. This discrepancy has been noted before, and itity of the target sequences is required for these forms
has been suggested that many of the initial lesions areof antibody diversification (Sleckman et al., 1996). Re-
successfully repaired (Bross et al., 2000; Faili et al.,versible covalent chromatin modifications such as his-
2002a; Papavasiliou and Schatz, 2000; Sale et al., 2001).tone acetylation permit trans-acting factors to gain ac-
The association of -H2AX with only a small region ofcess to DNA (Kwon et al., 2000) and may even recruit
DNA contrasts with the reports that -H2AX associationsuch factors to specific genes (Berger, 2002; Jenuwein
extends over megabases of DNA adjoining a double-and Allis, 2001). It has recently been shown that upon
strand break (Paull et al., 2000). Since our studies dem-viral infection of HeLa cells, transcriptional activation
onstrate the direct association of -H2AX with DNA us-from the IFN-	 promoter occurs through an ordered
ing the ChIP assay, it is difficult to compare our results tocascade of nonrandom histone modifications (Agalioti
those in the literature in which the amounts of irradiationet al., 2000, 2002). Here, we have demonstrated, using
required to visualize immunofluorescent -H2AX focithe ChIP assay, that the induction of SHM occurs con-
may generate more than one double-strand break (Ce-comitantly with changes in histone acetylation at the V
leste et al., 2002). In fact, in the mutating BL2 cells whereregion and propose that these specific changes are used
-H2AX was restricted to the V region, -H2AX wasto target SHM.
not detected in Western blots while it was detected inHistone acetylation, especially of histone H4, during
early B cell development participates in the creation of irradiated BL2 cells (data not shown). This suggests that
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less H2AX is phosphorylated due to DNA breaks in the might influence the way in which a mutator factor affects
mutating V regions than in irradiated cells. hypermutation. The alterations in histone acetylation
Both Fiali et al. (2002a) and our group found that over- that we observed provide a possible mechanism for the
expressing AID activated SHM in BL2 cells and con- defined targeting of SHM to the V region in the presence
verted the BL2 cells to constitutive mutators, replacing of AID and other trans-acting factors.
the need to stimulate with anti-IgM and T helper cells.
We have shown that the overexpression of AID causes Experimental Procedures
V region mutation, and importantly, the mutations are no
Cell Lines and Cell Culture Conditionslonger restricted to the V region. While these mutations
The human BL2 cell line and HuT78 T cell line were grown as pre-occurred in the absence of changes in histone acetyla-
viously described and were treated under various conditions as
tion, the “open” chromatin state associated with the described previously in Poltoratsky et al. (2001).
high levels of Ig gene transcription, and perhaps other
highly transcribed genes, may provide sufficient acces- RT-PCR and Sequencing
sibility to become substrates of AID mutagenesis. Re- RNA was isolated with TRIzol (BRL) as directed. Two micrograms
cently, it has been shown that AID cytidine deamination mRNA was treated with DNase I (Roche) before using the Super-
script first strand cDNA synthesis kit (Invitrogen). cDNA was dilutedactivity targeted single-strand DNA within a 9 nucleotide
4-fold for amplification. Primers sequences for AID: AIDf, 5-GAGGtranscription-bubble structure (Bransteitter et al., 2003).
CAAGAAGACACTCTGG-3; AIDr, 5-GTGACATTCCTGGAAGTTGC-3.Furthermore, transcription itself has been shown to be
GAPDH and IgM primers were previously described in Poltoratsky
sufficient to permit AID activity (Ramiro et al., 2003). Our et al. (2001). For sequencing, the primers were previously described
results suggest that changes in chromatin structure may by Faili et al. (2002a). PCR products were gel purified using QiaEx
function to restrict physiological levels of AID to the V II kit (Qiagen). Topo Blunt kit was used for cloning DNA (Invitrogen).
region. This is supported by the observation that costim-
ulation in the presence of TSA induced histone Chromatin Immunoprecipitation
After coculture, BL2 cells were isolated as previously describedhyperacetylation at both the V and C regions as well as
(Poltoratsky et al., 2001). The isolated BL2 cells were brought tomutations in both regions in the presence of induced
room temperature and passed through a 70 m cell separator. Fixa-levels of AID.
tion and chromatin preparations were essentially done as previouslyRestriction of the mutational machinery to the V region described (Takahashi et al., 2000). In brief, cells were crosslinked
may be mediated by a dynamic balance between the with 1% formaldehyde solution for 5 min. Ten millimolars sodium
activities of histone acetyltransferases and histone de- butyrate (Upstate) and complete protease inhibitors (Roche) was
added to all buffers just before use. Branson 500 Sonicator wasacetylases. The inhibition of histone deacetylases by
used for 15 to 18 rounds at 20 continuous seconds per round toTSA increases the overall H4 acetylation state in murine
create a 300–500 bp range. The chromatin was precleared with asplenic B lymphocytes and stimulates antigen-specific
sepharose protein A and G (both from Zymed) mixture in the pres-antibody production (Kohge et al., 1998). In the BL2
ence of BSA and salmon sperm DNA for 4 hr. The precleared chro-
cells, while TSA treatment does not alter the steady- matin was incubated with 2g of the following polyclonal antibodies
state levels of or AID mRNA, it results in the hyperacet- overnight: rabbit Ig, anti-H3Ac, anti-H4Ac (tetra), anti-H4Ac (penta),
ylation of H4 associated with the Ig V and C regions. anti-H4Ac lysine 8, and anti- H2AX (purchased from Upstate Bio-
tech). The specificities and origins of these antibodies are describedSignificantly, there was an increase in the frequency
in the Upstate catalog. Sepharose protein A/G slurry was addedof V region mutations and, moreover, an extension of
and incubated for 4 hr. The immunoprecipitations were washed inmutations into the C region. This suggests that the re-
wash buffer I (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-stricted V region-associated histone hyperacetylation
HCl [pH 8.1], 150 mM NaCl), wash buffer II (0.1% SDS, 1% Triton
may be a consequence of histone acetylases acting X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.1], 500 mM NaCl), wash
upon the V region and/or of histone deacetylases pre- buffer III (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA,
venting this hyperacetylation from extending to the C 10 mM Tris-HCl [pH 8]), and twice in TE. The beads were treated
with RNase A (Roche) and Proteinase K (Roche) at 55
C, and reverseregion, thereby targeting and restricting AID and the
crosslinked overnight at 65
C. DNA was isolated by using a QiaQuickother factors involved in the mutational process. These
spin column (Qiagen). The DNA samples were analyzed by bothfindings support the hypothesis that the acetylation of
semiquantitative PCR and real-time quantitative PCR.histones and perhaps other chromatin modifications are For the semiquantitative PCR, DNA was serially diluted 1:4 and
responsible for the targeting of SHM to the V region. amplified using AmpliTaq Gold (Applied Biosystems) for 27 cycles.
Taken together, these results dissect the role of AID The primers used are as follows: BL2Vf, 5-GTGAAGTCTTCGGAGA
in mutagenesis and suggest that AID and the lesions CCTT-3; BL2Vr, 5-ACATGGTGACTCGACTCTCG-3; BL2Cf, 5-CTT
CCTTCCCGACTCCATCAC-3; BL2Cr, 5-CGTTCTTTTCTTTGTTGCthat it introduces do not cause the changes in chromatin
CGT-3; BL2Pf, 5-TCACCTAGGCGCCCACAGGAA-3; BL2Pr, 5-CGCstructure. It is likely that these chromatin modifications
CACCAGCAGGAGGAAGA-3; mdm2f, 5-GTGTTGAGGAAAATGATGare triggered independently and may precede the AID-
ATA-3; mdm2r, 5-CACTCTCTTCTTTGTCTTGGG-3. Bands were
dependent DNA transactions. Differential modifications quantified with ImageQuant 4.0.
of chromatin are associated with global alterations in Samples from the ChIP assay were also analyzed by quantitative
structure as well as gene-specific alterations of expres- PCR with SYBR Green Master Mix (Applied Biosystems) using the
sion resulting in changes in accessibility to transacting ABI PRISM 7700HT in the 384-well format. To ensure that a single
PCR product was amplified from each primer pair, the dissociationfactors (Bulger et al., 2002). Indeed, based on a large
curves were examined, and the products were run on agarose gels.database of mutations from transgenic mice, Storb and
Primers were chosen based on their approximately equal efficiencycolleagues proposed that nucleosomal spacing may
of amplification along a standard curve. The primers used are
create a pattern of mutation along a stretch of 175–180 as follows: V-QPCR f, 5-TCCGTAGACATGTCCAATAACCAA-3;
nucleotides that is roughly the length of DNA that is V-QPCR r, 5-CCCCCTTCGAGCCACTG-3; C-QPCR f, 5-GCATCC
wrapped around a histone octamer (Michael et al., 2002). GCCCCAACCCTTTTC-3; C-QPCR r, 5-CCAACGGCCACGCTG
CTC-3. All samples were analyzed in triplicate in two independentHigher-order structure mediated by epigenetic factors
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runs. For each run, standard curves from stocks of known DNA Faili, A., Aoufouchi, S., Flatter, E., Gueranger, Q., Reynaud, C.A.,
and Weill, J.C. (2002a). Induction of somatic hypermutation in immu-concentrations were included. The amount of V or C region amplified
was calculated relative to the standard curve. The value of the noglobulin genes is dependent on DNA polymerase iota. Nature
419, 944–947.nonspecific rabbit IgG immunoprecipitation was subtracted from
the specific IP before the calculations were made. Faili, A., Aoufouchi, S., Gueranger, Q., Zober, C., Leon, A., Bertocci,
Calculations are as follows: input ratio  input Vregion /input Cregion. B., Weill, J.C., and Reynaud, C.A. (2002b). AID-dependent somatic
IP ratio  IP Vregion/IP Cregion. Fold enrichment  IP ratio/input ratio. hypermutation occurs as a DNA single-strand event in the BL2 cell
Normalized fold enrichment  fold enrichmentstimulation condition/fold en- line. Nat. Immunol. 3, 815–821.
richmentunstimulated BL2.The significance of the changes (p values) were Fukita, Y., Jacobs, H., and Rajewsky, K. (1998). Somatic hypermuta-
calculated with the Fisher’s t test. For the quantitative PCR, standard
tion in the heavy chain locus correlates with transcription. Immunity
deviations were calculated for every triplicate and used in determin-
9, 105–114.
ing the error bars that reflect the standard deviation for the results.
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